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of RIPC and hypothermia on renal IR injury through a pioneering study with experimental surgery in rats.
■ Methods
The study was approved by the Research Ethics Committee of the Hospital de Clínicas de Porto Alegre (project number, 150471). It is in compliance with the international guidelines of good practices in animal research from the National Institute of Health (Guide for the Care and Use of Laboratory Animals, Bethesda, USA, 2011) and was conducted in accordance with the International Principles for Biomedical Research Involving Animals, published by the Council of International Organizations of Medical Sciences (CIOMS) as well as the Brazilian law on the scientific use of animals (Law 11.794 / 2008).
Animals and study design
In a prospective design, 32 male Wistar rats weighing between 277-447g and aged 54-66 days were randomly divided into four groups (group 1, group 2, group 3, and group 4) of eight animals according to the surgical protocol for the left kidney. Animals were housed in the Animal Experimentation Unit of Hospital de Clínicas de Porto Alegre (HCPA) in groups of four in separate cages at room temperature (22 ± 2°C) under a 12-hour light/ dark cycle with free access to water and rat chow.
All 32 animals underwent right nephrectomy at the beginning of the procedure, and 8 of these 32 right kidneys were randomly selected to form the control group (Group 0). In Group 1, ischemia of the left renal pedicle was induced for 40 minutes under euthermia (37 o C; Warm ischemia) followed by reperfusion for 4 hours, when we performed left nephrectomy and euthanasia. In Group 2, left renal pedicle ischemia was performed for
■ Introduction
Interruption of blood flow through ischemia leads to a cascade of events culminating in cell death. During anaerobic metabolism of ischemic tissues, intracellular hypoxanthine accumulates due to adenosine triphosphate (ATP) degradation. The reintroduction of blood flow through reperfusion paradoxically produces additional damage, which is a phenomenon known as ischemia-reperfusion injury (IR) 1 . This occurs by combining oxygen from tissue reperfusion with hypoxanthine resulting in free radical production, which is extremely harmful to the cellular environment 2, 3 . Clinical situations in which we find IR are diverse, such as transplants, extracorporeal circulation, and partial nephrectomies [4] [5] [6] . Several strategies to reduce IR damage have been developed, including the use of hypothermia, hypertonic solutions, antioxidants, and, more recently, ischemic preconditioning (IPC) 6 . Hypothermia is routinely used during organ transplantation preservation and renal surgery by arterial clamping, and is widely used to prevent damage from IR 7 . Inducing endogenous production of antioxidants through short cycles of ischemiareperfusion prior to prolonged ischemia is the definition of IPC, and is one of the most recent strategies for preventing IR damage [8] [9] [10] . The ability to perform IPC in tissues distal to the IR-exposed organ, known as remote ischemic preconditioning (RIPC), makes this a promising and practical transoperative maneuver 11, 12 . There is considerable evidence on the benefits of hypothermia and RIPC as strategies for the prevention of IR damage in contrast to little information on the association of synergistic protective effects. The hypothesis that simultaneous use of cold ischemia and remote preconditioning potentiates its individual effects should be investigated. Therefore, we evaluated the combined effect 40 minutes under local hypothermia (4 o C; Cold ischemia) and systemic euthermia followed by reperfusion for 4 hours under euthermia and left nephrectomy. Group 3 underwent RIPC by clamping the left iliac artery for 15 minutes followed by reperfusion for 10 minutes, proceeding to ischemia of the left renal pedicle for 40 minutes under euthermia (37 o C; RIPC + Warm ischemia), new reperfusion for 4 hours, and left kidney withdrawal. Group 4 underwent RIPC by clamping the left iliac artery for 15 minutes followed by reperfusion for 10 minutes under euthermia, proceeding to ischemia of the left renal pedicle for 40 minutes under local hypothermia (4 o C; RIPC + Cold ischemia), and reperfusion for 4 hours under euthermia.
Anesthesia was induced with isoflurane vaporized at 3-5% by inhalation. Soon after, the animals were placed supine on a heated surgical table; general anesthesia was maintained by vaporization of isoflurane at 2-3% with an oxygen flow of 1 L/min, with the reflexes of the right hind paw being periodically tested in order to guarantee adequate anesthesia. The systemic temperature of the animals was constantly measured through a rectal electronic thermometer (Termomed 1.0, Intoterm, Porto Alegre, Brazil). When necessary, a heating lamp was used to maintain the systemic temperature between 35.0 o C and 37.1 o C. After inducing general anesthesia, 1 ml of blood was collected through retro-orbital puncture for the initial analysis of creatinine under ophthalmic anesthesia. Then, abdominal trichotomy, intraperitoneal administration of tramadol (10 mg/kg), 0.5% bupivacaine (1 mg/kg) injection at the median incision site, and, finally, longitudinal median laparotomy were performed. Right total nephrectomy was performed initially after laparotomy in all 32 animals. Half of the kidneys were stored in formalin 10% for future histopathological analysis; the other half were kept at a temperature of -80 o C for analysis of oxidative stress markers.
The left kidney of the animals was submitted to the four experimental nephrectomy protocols mentioned previously. The local temperature in the kidney was maintained under euthermia in groups 1 and 3, whereas renal hypothermia was applied in groups 2 and 4 during renal pedicle ischemia. This local hypothermia was performed by keeping the kidney in contact with frozen and crushed 0.9% saline solution and isolated from the other tissues through a fenestrated protective latex tissue; the temperature was controlled at 4 o C using an intraparenchymal thermometer (BAT 12, IITC Life Science, W. Hills, CA, USA) installed in the renal cortex.
RIPC was induced in groups 3 and 4 by clamping the left common iliac artery under euthermia for 15 minutes and reperfusion for 10 minutes before proceeding to left kidney IR. Left renal pedicle ischemia was performed in all groups (under euthermia in groups 1 and 3 and hypothermia in groups 2 and 4) by clamping the renal pedicle for 40 minutes, followed by reperfusion under euthermia for 240 minutes. Microvascular clamps (Medicon, Tuttlingen, Germany) were used to induce vascular ischemia of the left common iliac artery and left renal pedicle. At the end of 40 minutes of renal ischemia, the vascular clamp was removed and the abdominal wall was sutured. After this, the animal was kept awake for 240 minutes under analgesia (new dose of tramadol 10 mg/kg) with free access to water in a heated cage. At the end of the reperfusion period, the anesthetic process and laparotomy were repeated to perform a left nephrectomy. As in the right kidney, half of the left kidneys were kept in formalin 10% for histopathological evaluation; the other half were stored at a temperature of -80 o C for measurement of oxidative activity. At the end of the procedure, a new blood sample was collected through cardiac puncture followed by euthanasia using cardiectomy.
Histopathological analysis
Renal tissue was fixed in 10% formalin, embedded in paraffin, sliced, and stained by the periodic acid-Schiff (PAS) and hematoxylin and eosin (H&E) methods. Acute tubular necrosis was measured through the scale described by Jablonski et al. 13 in 5 degrees: 0, absence of abnormalities; 1, mitosis and necrosis in individual cells; 2, necrosis of the cells adjacent to the proximal convoluted tubules, preserving the neighboring tubules; 3, necrosis restricted to the distal third of the proximal convoluted tubules and a zone of necrosis extending to the inner cortex; and 4, necrosis of all segments of the proximal convoluted tubules ( Figure  1 ). This analysis was performed by a blinded pathologist. 
Oxidative stress and antioxidant enzyme activity
Free radicals are biochemically unstable in vivo, with a costly dosage and highly complex practical usage. Thus, lipid peroxidation derivatives are usually quantified 14 . As a renal oxidative stress measure, tissue levels of F2-isoprostanes (F2IP), superoxide dismutase (SOD), and catalase (CAT) activities were quantified.
In order to complete the analyses, half of the kidneys preserved at -80 o C underwent homogenization for 40 seconds at 4 o C in the presence of 1.15% KCl (9 mL/g tissue) and phenylmethylsulfonyl fluoride at a concentration of 100 mM isopropanol (10 μL per ml of KCl) using Ultra-turrax homogenizer (IKA Works Inc., Wilmington, DE, USA). This homogenate was then centrifuged in a Sorvall Super T21 refrigerated centrifuge (Kendro Laboratory Products, Weaverville, NC, USA), and the supernatant was collected and frozen again at -80 o C for biochemical analyses. In addition, protein concentration was measured by the Bradford method using standard bovine albumin and spectrophotometry at 595 nm.
F2-isoprostane (F2IP) is considered a reliable tissue marker of lipid peroxidation, presenting very stable and specific values in the quantification of oxidative stress 14 . Tissue levels of F2IP were determined through the 8-iso-PGF2α ELISA kit (ADI-900-010, Enzo Life Sciences Inc., Farmingdale, NY, USA) after homogenization of the kidney.
The measurement of superoxide dismutase activity (SOD) was performed by inhibiting superoxide radical reaction with epinephrine in a spectrophotometer at 480 nm and expressed as USOD/min/mg protein.
Quantification of catalase activity (CAT) was based on the decomposition of hydrogen peroxide in a spectrophotometer at 240 nm and expressed as pmol/mg protein.
Biochemical analysis of renal function
Levels of serum creatinine were determined at baseline from 1 mL of blood collected through retro-orbital puncture and at euthanasia from blood collected through cardiac puncture using a Roche Cobas 8000 c702 automatic biochemistry apparatus.
Statistical analysis
Data analysis was performed using a general linear model for statistical significance using SPSS program (SPSS Statistics for Windows, Version 21.0, IBM Corp., Armonk, NY, USA). Since histological grade is an ordinal variable, Kruskal-Wallis test in conjunction with Dunn's test were used. Bonferroni correction was applied for multiple comparisons between groups. The level of significance was set at 5% (p < 0.05), and data were expressed as mean and standard error (SE).
■ Results
Weight, age, systemic final temperature, and baseline creatinine did not differ between groups of animals ( Table 1) . A = kidneys were identified according to the intervention performed; B = weight of animals in grams; C = age of animals in days; D = final systemic temperature measured in Celsius; E = kidney histopathological assessment based on Jablonski et al grades of acute tubular necrosis; F = kidney tissue levels of SOD in USOD/min/mg; G = kidney tissue levels of CAT in pmol/mg; H = kidney tissue levels of F2IP in pmol/mL; I = serum creatinine basal levels in mg/dL; J= serum creatinine final levels in mg/dL. * Group 0 presented a significantly lower histopathological degree than interventional groups (p<0.05). ** Cold ischemia groups (Group 2 and 4) presented lower final serum creatinine levels compared to warm ischemia animals (p<0.001)
Histological analysis identified all grades of acute tubular necrosis ranging from 0 to 4. It was not possible to ascribe a specific grade to an individual interventional group due to overlapping of findings. The control group, however, presented only grade 0 damage, which was not found in any other group. Furthermore, grade 4 absence occurred only in experimental group 3 (remote preconditioning with warm ischemia) and the controls.
There was a significant difference between groups regarding histological grade and the controls (p = 0.001). The control group presented a significantly lower degree
than all other groups (p < 0.05), as shown in Figure 2 . Among interventional groups, there was no statistically significant difference (p = 0.722). Oxidative stress levels were measured by F2IP tissue survey and revealed no statistically difference between interventional groups and control kidneys. When comparing exclusively the warm ischemia groups (Group 1 and 3), we observed that those exposed to RIPC before warm IR presented higher F2IP levels than those in the warm ischemia without preconditioning group (p < 0.05) (Figure 3 ). Catalase measurements did not differ statistically between interventional and control groups (p = 0.736) (Figure 4) . No statistically difference between interventional groups and control kidneys. *Among warm ischemia groups, we observe that those submitted to RIPC before warm IR present higher F2IP levels than warm ischemia without preconditioning (p<0.05). Data are expressed as mean ± SE. Generalized linear models were applied. Bonferroni correction was applied to the significance levels of each test. SOD activity showed higher levels in cold ischemia (groups 2 and 4) compared to that in warm ischemia without RIPC (group 1) (p < 0.05); however, there was no difference between the interventional groups and control group (p = 0.736) ( Figure 5 ).
Figure 5 -Comparison between groups and SOD
activity. *SOD activity show higher levels in cold ischemia (groups 2 and 4) compared to warm ischemia without RIPC (group 1) (p<0.05), however there is no difference between experimental groups and control. Data are expressed as mean ± SE. Generalized linear models were applied. Bonferroni correction was applied to the significance levels of each test.
Biochemical analysis of renal function at the end of the procedure revealed lower serum creatinine levels in cold ischemia groups (with or without RIPC) compared to the warm ischemia sample (with or without RIPC) (p < 0.001) ( Table 1) .
■ Discussion
Ischemic preconditioning (IPC) is a maneuver in which short periods of ischemia and reperfusion precede prolonged ischemia and subsequent reperfusion, promoting a conditioning stimulus at the target organ (local preconditioning [LIPC]) or at distant tissues (remote preconditioning [RIPC] ). This is an effective strategy in reducing injury through the tissue IR process 4, 6, 8 . The first analysis on the effects of preconditioning was described by Murry et al. 8 in 1986 where the effects of LIPC on canine myocardium were evaluated. Since then, several studies involving different animals, organs, tissues, and IPC protocols have been described.
The effects of preconditioning on renal tissue were first described in 1997, when Islam et al. 9 performed LIPC in rat kidneys. The use of protocols based on myocardial experiments revealed discouraging results. However, this study identified that the ischemia period should be more than 20 minutes when there is intent to promote renal injury; further, a duration of 40 minutes was found to be ideal for this purpose.
In 2002, Torras et al. 6 performed a complex study using different variations of IPC in the kidneys of rats, reaching the current bases of preconditioning protocols. In study occasion, it was evidenced that LIPC was shown to be more nephroprotective when performed with a single 15-min cycle of ischemia followed by reperfusion for 10 min before subsequent prolonged IR. Due to the similarity with our study, this was the protocol used during our experiments.
An alternative to PCI is RIPC, which is defined as short cycles of ischemia-reperfusion in a tissue distant from another which will undergo a prolonged cycle of IR. The concept of RIPC arose in 1993 when a canine experimental study by Przyklenk et al. 15 showed that inducing short IR cycles in a coronary vascular territory caused myocardial protection of another vascular territory during subsequent cardiac IR. Gho et al. 16 expanded the potential of RIPC by reporting benefits of short cycles of ischemia in the mesenteric artery prior to myocardial IR in 1996, validating the hypothesis that tissues used for IPC do not need to be from the same organ under IR.
The first study involving RIPC and nephroprotection occurred in 2002, when Ates et al. 17 performed a short cycle of hepatic ischemia and reperfusion prior to sustained renal ischemia in rats. Animals submitted to this protocol presented better biochemical and histopathological renal parameters when compared to rats exposed exclusively to IR without preconditioning. Wever et al. 18 were pioneers in studying renal IR by inducing RIPC through tourniquets in the hind limbs of rats in 2011, similarly to our study protocol. At that time, different RIPC protocols were tested, with nephroprotection occurring in all groups when compared to IR without RIPC. It is interesting to mention that there was a superiority of bilateral protocols over unilateral ones and, in addition, protocols of fractional cycles showed discretely better results comparing with those with a single cycle. One of the most important studies on renal IPC is a meta-analysis on 58 experimental articles, which compared several protocols. The results revealed equivalent benefits between local and remote ischemic preconditioning
.
The preconditioning mechanism of protection remains to be clarified despite the result of several studies. It is believed that there is an endogenous production of antioxidants that could reduce intracellular oxidative stress. In addition, it is known that the production of autacoids (adenosine, opioids, endothelin, and bradykinin) is involved in this process, since these substances are elevated during IPC 5, [17] [18] [19] [20] . The potential to generate benefits without subjecting the target organ to multiple ischemia and reducing local vascular complications (e.g., arterial thrombosis) is encouraging for the clinical application of PCIR. Its use has been described with reassuring results in the preservation of renal function during procedures associated with renal IR, such as aortic clamping, extracorporeal circulation, renal transplantation, and partial nephrectomy 5, 20, 21 .
Hypothermia causes minor cellular metabolism and is another strategy for reducing tissue damage from the IR process, since renal oxidative stress is lower under low temperatures compared to its euthermic pairs 22 . The benefit of local hypothermia in renal tissue varies according to temperature, as demonstrated by Santos et al. 22 in a study demonstrating that the temperature of 4 o C leads to a lower oxidative activity in renal tissue submitted to IR in Wistar rats compared to that in other degrees of hypothermia. Fiorentini et al. 23 also identified that performing local hypothermia during renal IR reduces inflammatory activity in remote organs not involved in the IR (e.g., lung), revealing the systemic benefits of this maneuver.
Other variables can influence the effects of hypothermia, including the tissue preservation solution and perfusion protocols. There are several means of preserving organs for transplantation, such as the University of Wisconsin and Euro-Collins solutions. It seems that the former promotes greater survival of renal grafts during transplantation 24 . Despite several studies evaluating ischemic preconditioning, there are no studies combining RIPC and hypothermia to identify whether there is a synergistic protective effect when applying these two modalities for protection against the effects of prolonged IR on renal tissue. The association between local renal preconditioning and transoperative hypothermia was investigated by Ribeiro et al. 25 , when LIPC was performed with and without low kidney temperatures. The results did not demonstrate the synergistic effects of LIPC concomitant with hypothermia in renal protection during IR. In fact, hypothermia benefits were reduced when the kidneys were exposed to LIPC.
Considering the feasibility and benefits of RIPC or hypothermia, we performed the present study to elucidate the potential combination of its effects on IR lesions. We produced a short-term experiment using histopathological, oxidative stress and creatinine as endpoints.
In our study, only male rats were selected to keep the sample as homogeneous as possible. There is also evidence of a greater susceptibility of this sex to renal injury due to IR. It is believed that estrogen has protective potential for renal tissue under ischemia, a fact that should be better clarified in the future 26 . Our research group utilizes experimental models in rodents and has published several studies on renal and hepatic IR in these animals. In this study we followed the routines of our surgery laboratory using rats. Rodent model of experimental surgery is easier and demands a lower cost to manage in laboratory, however there are some limitation. Extrapolation of results to human is limited due to differences in kidney anatomy between these two species. Another disadvantage with rodents is that even a short period of renal artery occlusion leads to extensive necrosis of the proximal tubules. Swine is considered the gold-standard experimental animal model for IR, with surgical and anesthesia protocols very similar to human. Furthermore, pig is one of the few species characterized by a human-like anatomy with multipapillary and multilobular kidneys. Nevertheless, the size of swine limits its use, requiring adapted area, more expenses with food, drugs and surgical materials 27 . The unique anesthesia protocol and preoperative preparation were performed in all animals, since many substances administered could protect or damage the tissue under ischemia and reperfusion. Tramadol, an opioid analgesic used in our experiment, was recently associated with an influence on ischemic preconditioning, according to Oliveira et al. 19 This study demonstrated that tramadol reduces renal IR damage when used alone and associated with RIPC. However, there was no positive synergistic effect between RIPC and tramadol, since performing RIPC without administering tramadol has been shown to be more effective in reducing renal damage than that when combined 19 . Another drug used in our study with influence on the IR process is isoflurane, which was used as an inhalation anesthetic. There is evidence of the preconditioning effects of the drug itself and this information should be considered when interpreting the results of our study 28 .
In analyzing the histopathological changes, we observed that there were no differences among the experimental groups, even when comparing single warm IR with hypothermia or preconditioning protocols. However, there was a statistical difference with control kidneys, meaning that this experimental model of surgery is capable of inducing damage.
The absence of benefits from IPC is previously reported in one of the largest meta-analysis of experimental ischemic preconditioning, where 12 of 26 studies included did not demonstrate advantages in performing IPC regarding histological changes 12 .
In this meta-analysis, the authors analyzed 205 controls and 191 IR animals submitted to different ischemic preconditioning protocols (including local and RIPC) for a subsequent IR and histopathological assessment. An overall significant IPC protective effect against tissue damage was found; however, a strong trend towards a late window of protection is mentioned, suggesting that these advantages were more pronounced when kidneys were collected at least 24 hours after preconditioning. Furthermore, an overall study heterogeneity of 63% is also cited by the authors. In our study, left nephrectomies occurred 240 minutes after IPC, which is considered an early window, and this could justify the lack of differences among the interventional protocols in our study.
Despite considerable evidence on renal protection using hypothermia, lack of protection or histologic damage due to cold temperatures is also mentioned 22, 29 . In a Effects of remote ischemic preconditioning and topical hypothermia in renal ischemia-reperfusion injury in rats Motta GL et al.
Acta Cir Bras. 2018;33(5):396-407 similar experiment using acute reperfusion, Santos et al. 22 could not prove statistically that hypothermia reduces histological changes in short-time IR. Moreover, another study comparing structural changes in renal rats exposed to a single episode of hypothermia showed that rewarmed kidneys (kidneys exposed to cold and subsequent warm temperatures) have more tubular changes than persistently cold kidneys 29 . Our study used a short-time rewarmed protocol that demonstrated no differences on histology after hypothermic IR. The combination of remote ischemic preconditioning and hypothermia was also neither beneficial nor detrimental, compared to single ischemia-reperfusion.
Oxidative stress measured by F2IP tissue levels demonstrated that euthermic RIPC unexpectedly increased isoprostanes compared to single warm IR, but no differences from controls were observed in this regard. Remote IPC associated with hypothermia resulted in similar F2IP levels compared to those in other interventional protocols and control. Antioxidant enzymes activities defined by CAT and SOD levels also revealed no divergence between RIPC, hypothermia or combined (RIPC + hypothermia) protocols, and controls. Albeit cold protocols induced more antioxidant activity in the SOD analysis, these groups did not differ from controls. This shortage of statistically variation in oxidative stress data probably results from the acute nature of our experiment, with kidneys being collected after only four hours of reperfusion.
Regarding renal function parameters, our study demonstrates that cold protocols (cold IR and RIPC + Cold IR) promote lower serum creatinine levels after IR compared to those in warm protocols. Performing remote preconditioning has a non-statistically significant trend to protect kidneys in warm IR. Nevertheless, the combination of hypothermia and RIPC reduces the benefits of hypothermia alone with no associated synergistic protection.
In summary, our study reveals that RIPC combined with hypothermia did not confer protection against histological, oxidative, or functional changes in kidneys after IR. Additionally, there is no benefit in performing RIPC in this model of experimental surgery. Despite these results, hypothermia protocols demonstrate better functional outcomes than warm IR.
The main strength of this research is that, to the best of our knowledge, this is a pioneer study on the influence of remote ischemic preconditioning on hypothermia during renal damage from IR. Although we did not achieve positive results in this combination, further studies are necessary to validate these experimental models.
The limitations in our study must be acknowledged. Initially, short-term experiments such as ours could preclude the long-term effects of ischemic preconditioning of IR. Besides, the use of rodents in the experiments is considered a limitation due to anatomical differences and that even a short period of renal artery occlusion could lead to extensive tubule necrosis 27 . Furthermore, we assessed the "early window of protection", with evidence that "late" protocols (IPC 24-hours before IR) are more efficient in reducing IR damage 12 . Moreover, even though the final systemic temperatures were not statistically different, we recognize that many animals from cold protocols had some variation in their temperature, which could contribute to bias. Finally, the drugs used during surgery could interfere with our results, since recent data reveal that isoflurane and tramadol could also produce preconditioning effects and confound our outcomes 19, 28 .
■ Conclusion
No synergistic benefits were found when remote ischemic preconditioning was applied to hypothermia in renal IR.
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